The utilization of hydrocarbons by bacteria was described by Stone et al. (1940 Stone et al. ( , 1942 and Bushnell and Haas (1941) . These workers presented their own observations and reviewed observations of previous workers. The large variety of microorganisms capable of oxidizing hydrocarbons include the genera Methanomonas, Mycobacterium, Pseudomonas, and Corynebacterium, as well as other bacteria, certain actinomycetes, and filamentous fungi. Sohngen (1906) isolated from methane-enrichment culture a bacterium which he called Bacillus methanicus, a short motile rod, later renamed Methanomonas methanica by Orla-Jensen (1909) . Tausz and Peter (1919) isolated with n-heptane and cyclohexane enrichment, respectively, two soil bacteria which they named Bacterium aliphaticum and Bacterium aliphaticum liquefaciens, both of which probably belong to the genus Pseudomonas. These workers also isolated with mineral oil enrichment a "Paraffin bacterium" described as a gram positive, sporeforming rod, not since classified. Corynebacteria were observed by Haag (1926) , Jensen (1934) , and Bushnell and Haas (1941) to utilize paraffin hydrocarbons, and S6hngen (1913) , Buttner (1926) , Haag (1927) , Jensen (1934) , and Bushnell and Haas (1941) observed the utilization of paraffin by certain mycobacteria. Nechaeva (1949) described two methane-utilizing mycobacteria, Mycobacterium flavum var. methanicum and Mycobacterium methanicum n. sp. Both of these bacteria were reported to utilize a wide range of complex organic media. Nechaeva pointed out that M. methanicum n. sp. also utilized propane as a sole carbon source and that Mycobacterium flavum var. methanicum utilized propane and hexane. These were the only hydrocarbons beside methane that he tested. Bokova (1954) reported observations on two mycobacteria: Mycobacterium perrugosum var. ethanicum which utilized ethane and higher paraffinic gaseous hydrocarbons, but not methane; and Mycobacterium rubrum var. propanicum which utilized propane and higher paraffinic gaseous hydrocarbons, but not methane or ethane. Both of these mycobacteria were reported to utilize a wide range of complex organic media. The observations of Nechaeva and of Bokova came to the attention of the authors following the completion of work described herein.
It is not our purpose to discuss the numerous observations made regarding hydrocarbon assimilation by bacteria. For an extensive review see that of ZoBell (1950) . In the present paper, a description is given of a mycobacterium which utilizes for growth paraffinic gaseous hydrocarbons, with the exception of methane, and is further differentiated from common soil forms such as Mycobacterium lacticola and Mycobacterium phlei by its inability to utilize common bacteriological organic media.
EXPERIMENTAL METHODS AND RESULTS Isolation methods. Soil was obtained from below the grass roots level. Ten-g aliquots of the soil were placed in 60-ml bottles, to which were added 10 ml of a mineralsalts solution of the following per cent composition: (NH4)2SO4, 0.1; Na2CO3, 0.01; KH2PO4, 0.05; MgSO4.7H20, 0.02; CaCl2, 0.001; FeSO147H20, 0.0005; and MnSO4, 0.0002. The bottles were fitted with capillary glass manometers (figure 1), and ethane was added Where growth of the bacteria occurred, usually after 10 to 20 days of incubation at 30 C, gas uptake resulted with the manometer registering negative pressure within the bottles. Negative pressure gradually reached a maximum of about 150 mm of mercury as the result of oxygen depletion. A pellicle formed over the surface of the supernatant mineral-salts medium concurrently with progressive gas uptake. This pellicle, at first white, later became yellow and flaky in appearance. A 'Research Grade ethane, purchased from Phillips Petroleum Company, Bartlesville, Oklahoma. Colonies which developed were typical of mycobacteria, being waxy, wrinkled, and yellow pigmented.
An even simpler means of isolation was accomplished bv directly applying air-dried, powdered soil upon a. mineral-salts agar plate. After incubation of the plate for about 20 days in a desiccator containing the ethane gas mixture, colonies of the bacteria ranging in diameter from 1 to 5 mm were observed upon the soil and agar surfaces (figure 2). These colonies had a similar appearance to the colonies which developed from the pellicle growth previously described. Purification of the colonies was accomplished in either case, ordinarily after 2 or 3 transfers. Stock slants with copious growth of the purified bacterial cultures upon mineral-salts agar may be maintained in screw-cap tubes (figure 3). These were prepared by inoculating the slants and incubating the open tubes in desiccators for 15 days in a gas mixture similar to that used in isolation.
No growth of the bacterium has been obtained in gas uptake systems with methane (at least 99 mol per cent) serving as the carbon source in a 40 per cent concentration in air. Ethane-grown bacterial cells were tested in respirometer experiments for their ability to oxidize methane. The methane used contained 0.5 per cent ethane as an impurity. Forty per cent methane in air was used. Oxidation occurred, but subsequent experiments using (C14) radiomethane and (C14) radioethane showed that the apparent oxidation of methane (see figure 4) was actually due to oxidation of the ethane impurity. A bacterial-cell suspension was incubated with radiomethane and the carbon dioxide produced was recovered as barium carbonate which had a specific activity of only 4 cpm. The use of radioethane (of the same activity as the radiomethane) resulted in a barium carbonate specific activity of 234 cpm.
Ethane-grown bacterial cells readily oxidize propane (99.99 mol per cent) and n-butane (99.78 mol per cent), both of which are ethane free (figure 4), and likewise utilize these gaseous hydrocarbons for growth. In the growth experiments each of these gases was used arbitrarily in a 40 per cent concentration in air.
Description of the bacterium. The bacterium is a slender rod about 0.5 to 0.7 ,u wide and 3 to 7 A long (see figure 5 ). On microscopic examination of the bacterial growth, the cells have a characteristic tendency to appear in cords or show what could be termed a log-jam arrangement. This is particularly pronounced in pellicular growth taken from liquid mineral salts medium. Under phase contrast examination, the cells are observed to have granules, ordinarily one at each terminal. These are particularly pronounced in an electron photomicrograph (figure 6). The bacterium is nonmotile, gram positive, acid-fast, and forms yellow, waxy, wrinkled colonies on mineral salts agar medium. These colonies are similar in appearance to those of M. phlei. A distinctive characteristic which separates the bacterium from M. phlei is the inability of the former to grow on bacteriological media such as peptone, yeast extract, or glucose. Attempts to adapt the organism to grow on these media have failed, although the bacterium will grow readily upon these media in the presence of ethane. Transfers of growth from these media to fresh media in the absence of the hydrocarbon consistently results in no growth of the bacterium. The bacterium will grow in the presence of n-pentane, nhexane, n-heptane, n-octane, and n-decane, and possibly many other paraffinic hydrocarbons.
It is proposed that the bacterium herein described be given the name Mycobacterium paraffinicum. This proposal is based upon the following three observations:
(1) the morphological, staining, and cultural characteristics of the bacterium place it in the genus Mycobacterium;
(2) the bacterium can be distinguished readily from other known mycobacteria by its inability to utilize common bacteriological media; and (3) the bacterium utilizes paraffinic hydrocarbons (other than methane). Physiologic characteristics. Glucose, peptone, yeast extract, glycerol, ethanol, acetate, and acetaldehyde are among the nonhydrocarbon carbon sources used in attempts to grow M. paraffinicum. Only ethanol and acetate supported the growth of the bacterium. Growth upon these substrates was meager, but sufficient for the obtention of cells for respirometer experiments. Stanier (1947) pointed out that bacteria grown upon a particular substrate develop enzymes capable of oxidizing compounds intermediate between the particular substrate and the final products. Their ability or inability to oxidize certain hypothetical intermediates may thus serve as criteria of whether or not the tested compounds are true intermediates. Incorporated in this philosophy is the theory that bacterial growth on a particular intermediate will result in bacterial enzymes adapted to oxidize intermediates principally in the direction of the more oxidized intermediates or products, and not in the reverse direction. Bacteria ordinarily do not develop enzymes capable of oxidizing intermediates that occur in the biochemical chain preceding the intermediate (substrate) upon which the bacteria are grown.
A study of the oxidation of ethane and its hypothetical oxidative intermediates has been approached with the above considerations in mind. M. paraffinicum, grown on mineral-salts agar with ethane as the only carbon source, was tested for its ability to oxidize ethane, ethylene, ethanol, acetaldehyde, and acetate.
The cells were harvested, suspended in 0.85 per cent sodium chloride solution, centrifuged, and the bacterial cells resuspended in the saline solution with 0.1 per cent phosphate buffer added. The suspensions were recentrifuged and the cells resuspended in the above solution. The final suspension contained about 20 mg (dry wt) of bacterial cells per ml. The above procedure was followed in subsequent experiments. Ethane, ethylene, ethanol, acetaldehyde, and acetate were oxidized by these suspensions (see figure 7) . The oxidation of the above hypothetical intermediates of ethane oxidation by M. paraffinicum indicates only that these compounds could be true intermediates. It does not, of course, prove that they are intermediates. A possible biochemical route of ethane oxidation in its simplest form would be: suspensions tested for their ability to oxidize ethane.2 In these experiments, another bacterium, isolate A, was also employed. Isolate A, isolated from soil using ethane-enrichment culture, is a rod-shaped, acid-fast, yellow-pigmented, nonsporeforming bacterium which readily utilizes common bacteriologic media such as peptone, yeast extract, and glucose, in addition to ethane. This bacterium was grown upon ethanol and acetate, respectively, and cell suspensions were tested for their ability to oxidize ethane, alongside M. However, during growth about one-half of the carbon is incorporated into cell material, thus: C2H6 + 2.502 -> (CH20) + C02 + 2H20 (2) bacterial cells A respirometer determination of ethane and oxygen uptake, in the absence of growth of M. paraffinicum, shows that equation (1) obtains. In growth cultures equation (2) obtains, with slight variation. Very little of the oxidative intermediates between ethane and the above-mentioned products accumulate, and presumably the intermediates of ethane oxidation never get outside the bacterial cell before they are further metabolized.
DISCUSSION
The most interesting characteristic of M. paraffinicum n. sp. is its inability to assimilate methane and complex organic media. The organism has been isolated from numerous soil samples from widely distributed oil fields. Currently, we have 19 purified isolates which conform rigidly to the following characteristics: long, slender, strongly acid-fast rods showing Much's granules with Ziehl-Neelsen stain; yellow, waxy, wrinkled colonies; no growth on nutrient-agar media, glycerol, or methane.
In contrast of this type of ethane utilizer, we have isolated five other distinct ethane-utilizing microorganisms on which we plan to report in detail in the future. These, tentatively, may be described as follows:
(1) Two acid-fast rod-shaped bacteria distinguished only by pigmentation; both (yellow form, 12 isolates; white form, 10 isolates) form fairly smooth, soft colonies, grow readily on a wide range of organic media, but do not attack methane.
(2) Nocardia (16 isolates), which form salmon or pink colonies, definitely are not acid-fast, grow readily on complex organic media, do not attack methane, and their mycelia fragment to irregularly shaped rods and coccoids after a few days with ethane media, or 12 hr on nutrient agar. Colonies never form aerial mycelia. (3) Streptomyces (only 2 isolates on hand), which readily attack complex organic media and methane, form white, powdery colonies with characteristic odor of actinomycetes. (4) A nonseptate, sporogenous, filamentous fungus, which utilizes complex organic media but not methane, forms copious white, aerial mycelia.
M. paraffinicum n. sp. is distinguished from all the other types by its inability to grow on nonhydrocarbon media (with the exception of ethanol and acetate -see above). The other types attack ethane only after a lag period if the organisms are grown on nutrient agar or glucose media, for example. Ethanol-grown cells of M. paraffinicum n. sp. attack ethane immediately whereas ethanol-grown cells of isolate A, a representative of the 12 yellow, soft, bacterial cultures described above, do not.
Of the 19 isolates classified as M. paraJnicum n. sp.
there is a degree of variation in the rapidity with which propane and n-butane are utilized for growth. Higher normal paraffinic hydrocarbons are attacked more readily and consistently by the 19 isolates. The species term "paraffinictim" is meant to connote the general utilization of gaseous and liquid paraffinic hydrocarbons, although methane is not utilized. While methane is a paraffinic hydrocarbon, its distinction of not being oxidized by the organism should not prevent the use of the term paraffinicum. Furthermore, the use of ethane as a selective substrate for isolation purposes should not rule the selection of a species name, since other paraffinic hydrocarbons are utilized by the isolates. The creation of a new species of mycobacteria which utilizes paraffinic hydrocarbons almost exclusively for growth appears warranted, since former workers have consistently reported that the paraffinic hydrocarbon-utilizing mycobacteria with which they worked grew on nutrient agar, glucose, glycerol, and/or other nonhydrocarbon media. Furthermore, besides the reports of Nechaeva (1949) and Bokova (1954) , no mycobacteria capable of utilizing gaseous, paraffinic hydrocarbons have been adequately described. It is worthwhile to discuss, briefly, two points pertinent to observations concerning hydrocarbon-utilizing bacteria. Firstly, in the course of work with M. paraffinicum n. sp. we observed some growth of the bacterium upon mineral agar plates incubated with pure grade methane.3 This methane contained about 0.5 per cent ethane. Using small amounts of radioactive (C14) methane and radioactive ethane alternately as supplements to the pure grade methane, it was determined that only ethane carbon is assimilated-that is, the formed cell material was radioactive only when radioactive ethane was used as the supplement. It is apparent that the bacteria grew solely on the ethane present as an impurity in the methane. The purity of the hydrocarbon used is of the utmost importance in establishing whether or not a certain microorganism is capable of utilizing it. It is preferable to use research grade hydrocarbons with a purity approaching, as much as possible, 100 mol per cent.
Secondly, one must be careful in interpreting results based upon testing the hydrocarbon-utilizing ability of colonies which develop upon nutrient-agar plates as a result of streaked inoculum from hydrocarbon enrichment cultures. The colonies which develop and appear to be isolated may be contaminated with hydrocarbonoxidizing bacterial cells which do not develop upon nutrient agar, and hence are not noticed. Therefore, when one tests the developed colony for its hydrocarbon-utilizing ability and reports positive results, it is often the unseen contaminant, and not the observed colony on nutrient agar, that is responsible. This may lead further to the false conclusion that the hydrocarbon utilizer grows upon nutrient agar. Cultural technique in going from hydrocarbon-enrichment cultures to pure cultures of hydrocarbon-oxidizing bacteria is not always a simple, straightforward process, particularly when complex nutrient media are introduced before complete isolation of the hydrocarbon-utilizing bacterium is effected.
